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DESIGN AND EXPERIMENTAL STUDY FOR THE 
FABRICATION OF A MICROMACHINED IP CONVERTER 



Author: Wouter van der Wijngaart 
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introduction: 



T^B basic co pfiouration 

The basic design of the IP converter is shown schematically in the figure below. 



Ibar 




wofk 



atmosphfife 

The work space is coupled to the supply pressure and vent (atmosphere) through controllable flow 

resistors. Either one or both flow resistors can be regulated. 

The design study will focus on the actively changeable flow resistance. 

Thepfoblem 

Micromachlned actuato.^ have been included in many microsystem designs, including microvalves. 
However, either the actuator's stn)ke length or the force delivered by the actuator is limited. These 
effects are severely limiting the total perfomiance for the majority of microvalve designs, where the 
actuator directly controls the movement of a boss. A small stroke length constitutes a high ftow 
restriction between the boss and the valve seat, limiting the flow the valve can control. Large stroke 
lengths, on the other hand, limit the actuation force, and thus the pneumatic piessure that the valve 
can control. An increase of actuator size is space consuming, and thus often expensive. 

fjiw actuatifMi force 

A flow resistance can be seen as an obstmction in a flow channel or at a flow nozzle. 

One of the main problems in microvalve design, is the fact that the flow obstruction has to counteract 

the pneumatic forces of the flow it controls. This however requires high actuation forces. We w.11 

therefore focus on designs where the flow obstmcUon movement is perpendicular to the gas flow. In 

this case, moving the obstmction requires virtually no energy. A schematic is shown in the figure 

below. 

displacement 



flow 





i 











The obstruction is preferably a stiff structure, as it should not defom. under the gas pressure forces. 
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The stiction problem 

In the Microsystems worid. the downscaling of components has its specific consequence, 
scaling down with a factor N. results in a downscaling of masses and volumes with N' and of areas 
with This means that surface tension effects and tribological effects dominate in microsystems. It » 
therefore virtually impossible to use sliding stmctures In MST. Therefore, moving slmclures need to be 

"free-hanging". ^ .... 

This Implies for any obstruction that moves perpendicular to the flow, there needs to be a sma flow 
gap between the obstruction and the flow channel, as lllustmted in the figure below. There will thus 
always exist some leak flow. Proper design however can minimise this leak flow. 



low actuation power Actuation force ± Pneumatic 

force 



shutter 



Flowch aimej , 




0 



Friction problem: Allow leaking III 



jdmtter 



Flow chann 




Figure. In designs where the obstruction moves perpendicular to the flow, a small gap between 

channel and obstructkwi Is unavoidable. 

Ftffw ehannal dlmenaton 

A specific problem in microfluidics is the small cross-sectional flow-through area. As a thumb rule for 
design Is that for higher pressures, the gas flow through an orifice is almost linear to the pressure 
drop An orifice cross sectional area of 1 mm-2 typically allows 4 1/min of gas flow per atmosphere. 
We will tackle this problem in our designs by keeping the small on-chip flow ducts as short as possible 
and trying to construct flow orifices rather than flow channels. 
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Three basic designs 




There exist three dtfferont baste designs for keeping the flow and the obstruction movement 
perpendicular to one another in (planar) micromachlned valve atructures. 

The gas flow Qz is out-of-plane and the obstnidion movement Ax in-ptane 



Dx 



t 



t 



t 



Figure. Cross sectional view design 1. 
In this design, one or more nozzles can be closed with an obstmction plate. A similar design has been 
presented in [K. R.Willtams & all, Lucas NovaSensorl. The reason to choose several nozzles is to 
diminish the obstruction stroke length Dx. 

shutter 



y 



ton 




[K. R.Winiain$ Sl all, Lucas NovaSensor] 

Figure. Schematic of a valve as designed at Lucas Novasenson 



Prc4)0sed actuation: 

• Themial [cf. Lucas Novasensor] 

• Comb drive (cf. appendix) 
Fabrication issues: 

• DRIE 

• wafer-through inlet 

• 2-wafer stack 
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The gas flow Qy is Irvplane and the obstruction movement Ax In-plane but perpendicular to the gas 



Proposed actuation: 

• Thenfnal 

• Comb drive 
Proposed Fabrication: 

• DRIE 

e 3-wafer Stack 

Pesion 3: 

The gas flow Qy is in-plane and the obstmcUon movement Az out-of-plane. 



Design 2: 



flow 



actuation 




Hgure. Top view design 2, 



STRICTLY CONFIDENTIAL STRICTLY CONFIDENTIAL STRICTLtCCWRDEMTHAL^ StfifGTLY- 




Figure. Cross sGCfkmal view design 3. 



Proposed actuation: 

• Thermal 

• piezoelectric 
Fabrication issues: 

• DRIE 

• 2-wafer stack 
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The test device 

The design 3 as depicted above was chosen for Implementation In a first test device. The reason for 
this was the relative simplicity of fabrication. 

Theory 

One can theoretically express the pressure-flow behaviour as follows, 



w 



wt 



2l 



ar 

p 



P 
Q 



The width of the flow nozzle. 

The total thickness of the top wafer 

The height of the flow nozzle 

The aspect ration of the DRIE etch process 

The supply pressure 

The gas viscosity 

The gas density 

The flow 



The leak flow 




wiwt-zXfP |3 modelled as a (laminar) poseuHle flow between two parallel 
flP is modelled as the flow through an orifice. This results in an 



Fabrication 

A flow chart of the test device fabrication is shown In the figure below. 
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. A 300pm thick silicon wafer is etched with DRIE. 



The wafer is then oxidised. 



The bottom oxide is patterned and masks the 

second DRIE step. 

After removing all oxide, the structure is fusion 
bonded to an oxMised substrate. 



Removing the oxide frees the obstruction, which is 
now only held by break-away-arm structures. 



A piezo actuator is glued on top of the obstruction, 
the arms are broken off and a fluid opening is 
drilled. The structure is now ready for testing its 
pressure-flow characteristics. 

Figure. Schemaffc of the microfabrication process of the test structure. 



figure. Two pictures of the test structures. The wafer contains three complete test structures and one 
test structure without tulw connector. Wafer diameter is 10cm. 

Test results 

The second DRiE step of the first series of test structures has been of low quality. The result is that 
the obstniction wall was etched away. This is Illustrated in the figure below. 
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obstruction platform" 



iezo actuator 




obstruction wall support pillar 
The stnjcture as was intended. The obstmction 
wall blocks the flow, the obstruction platform 
allows the glueing of the piezo actuator, and 
the support pillars underneath the obstruction 
platform give it mechanical strength and 
stability. 




A fault during the etch process resulted that the 
obstruction wall and support pillars were 
removed. The obstruction platform therefore is 
very fragile before glueing to the piezo 
actuator. 



We were therefore forced to use the structure in an alternative scheme in order to get test results. This 
is illustrated in the figure below. 



The test structure as intended. 



The alternative scheme 



During non-actuation, 
the high flow resistance 
of the leak gap 
(indicated with a red 
circle) ensures low leak 
rates. 

During open state, there 
is a low flow resistance. 






1 AThtThi 1 iiirr rBiriiiia'RinfcBTiria»nBii'ii 
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In order to close the 
valve, it has to be 
actuated with a negative 
voltage. The resistance 
of the gap is however 
poor compared to the 
Intended design. 
When not actuated, the 
valve is in open state. 



Figure. The construction failure forced us to use an aftemaUw opening/closing scheme for the valve. 

Despite the construction faults we were able t o switch a flow between 650 and 500 seem. These - for 
microsystems - very high flows occurred at a supply pressure of only a few kPa. This is roughly an 
improvement of 2 orders of magnitude compared to other micromachined valves. 

Conclusion 

The test structure proved that 

• Our new valve concept works 

9 (for microstructures) very high flows can be controlled 

e Structures can be made with an easy microfabrlcattonal process 

• Micromachining enables very small leak channels for the closed valve state (Spm). 
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• The micromachined device area decrease has no fundamental theoretical iimitatlons. Clever 
design and packaging can therefore help to minimise the cost of microfabrication, hereby 
alleviating one of the main iimitatlons In microvalve technology. 
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Appendix: 

In^Dlane obstruction actuation 

Suitable irvplane actuation principles are: 
• Electrostatic (comb drive): 

Relative large stroke length, weak force 



1 






1 




ii 






—J--." .iJV.— 


1 



Figure. Top view on a comb drive 
For a comb drive with an actuator area a*b (cf. figure) fabricated with DRIE, one can obtain a 
theoretical actuation force 
F=a*b*eps*a/^2*V'^2 / 8*Dx*d 

Where b, is the aspect ratio of the DRIE process, d is the etch depth, eps is the absolute dielectric 
constant of air and V is the actuation voltage. This formula shows that a shallow comb drive allows 
a higher actuation force. 

For design 1 however, a deep etch is preferred as this increases the stiffness of the obstruction. 
A disadvantage of combdrives is that they are sensitive to particle contamination. The combdrive 
must inherently be connected to the outside world through a gas channel however (cf. The section 
on friction). ' 

• Thermal: 

In-plane thermal actuation Is used by the Lucas Novasensor design. In-plane thermal actuation 
exploits the fact that material expands when heated. Its features are relatively small stroke 
lengths, but high forces. Cantilevers however can circumvent the low-stroke problem. 
In general, thermal actuators are rel atively stow and energy consuming however. 
Actuation principles that are (too) complicated for in-plane fabrication are: 

• Piezoelectric actuation 

• Magnetic actuation 

Out-^frniane obstruction actuation 

The problem with nrast out-of-piane actuation principles is their small stroke length. A typical upper 
limit is 30pm. Suitable out-of-i3lane actuation principles are: 

• Piezoelectrto: 

A long piezo beam clamped at one side and with the obstnK:tion element on the otiier side is an 
aitemative used in ttie test stnicture. 
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• Thermal: 

Here, bimorph elements are considered. Heating a bimorph results in a stress in the interface 
between both materials. Bimorphs give a high force-displacement product. Again, slow response 
and a high energy consumption can be expected. 

• Magnetic: 

Magnetic actuation has the advantage that there is no theoretical limitation on the stroke length. 
Also, if the obstruction is coupled to a spring system, a nearly linear l/P conversion is obtained. 
Integration of magrtetic actuation with micromachined components can turn out difficult though. 
Actuation principles that are not suitable are: 

• electrostatic actuation: 

Conventional static electrostatic actuators are "binary", i.e. or on, or of. There is only a small 
displacement range where the actuation voltage is ''analogue". Besides, electrostatic actuation 
suffers form severe hysteresis. This makes electrostatic actuation undesirable from a control point 
of view. 
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X- Valve - A Miniaturised High Performance Valve 



This document overviews a novel valve concept developed at MST - S3/KTH 
(http://www.s3.kth.se/mst/). The conc^t allows ultra*miniatiirised components for high-flow, high- 
pressure applications. 

Design 

The device is a silicon chip that regulates the flow from a pressurised a supply nozzle, and is in fact a 
miniaturised knife gate valve. It uses a thmnal bimoiph actuator to control a *'knife gate", a 
miniaturised silicon blade, which can perpendicularly move in front of a nozzle opening. 
This design has the following unique features: 

1 . Cross-flow: 

Unlike most other microvalves presented, the flow direction and actuation direction are perpendicular 
to one another, i.e. the pneumatic static forces do not counteract die valve actuation, increasing the 
actuator snroke-length an d reducing power consumption and actuator size. Note that the flow controlled 
by the valve is close to the physically allowed flow through such 

2. Out-of-plane nozzle: 

Unlike all other microvalves presented, the gas supply nozzle is perpendicular to the wafer plane. This 
means that an increase of the required nozzle area does not directly require an increase of the silicon 
footprint area. The device is thus inherendv more cost effective than all previously presented 
ItijcrovalyeSr 

3. Leak: 

The price to pay. In order to avoid friction between the knife gate and the nozzle, a gap must remain, 
allowing leakage. We think this leakage could be reduced to about 1-2% of the main flow. 
The proceedings submitted to the Transducers '03 with the test results from the fabricated prototype for 
a similar valve design can be delivered. 

Valve control 

The valve opening is either directly controlled linearly (amount of power delivered to the bimorph 
actuator) or controlled digitally. The latter design would split up a single knife gate into a series of 4-8 
gates, each half the width of its neighbour. This allows 32-256 discrete flow settings for the valve using 
the same silicon footprint area. 

Device specification estlmatlone 

The below specifications give a general indication of an estimated typical performance, but depend 

strongly oh the actual device dimensions. 

o Power consumption: a few lOOmW?. 

o Switching time: IQ-IOOms? 

o Flow: 3Nl/s @ when supplying 3 bar. 

o Maximum pressure (limited mainly by packaging techniques): several barl (verified) 
o Microcomponent (silicon chip) size: 0.75*8*3 mm? 

These values are up to two magnitude orders or more better in flow and pressure performance than 
existing pneumatic microcomponents. Silicon area consumption is a magnitude order lower, and power 
dissipation should be generally lower than comparable microvalves. 



Estimated Device Cost 

The silicon core of the device is batch fabricated with silicon technology (based on microelectronics 
fabrication technology). . 



Micromachined 
part 


Cost - consumed silicon area (3*8mm?) * amount^tjrpe of 
process steps (limited in the new concept) 


30kr /device 


Packaging: 


hard to tell, depends on the final design 


20kr/device? 


Total: 




50kr/device? 



Note: Packaging and mechanical stability issues mainly determine the feasible degree of 
miniaturisation. 



CONFIDENTIAL MST-S3/KTH 03-06-05 

Why microfabrlcation? 

Micromachining techniques allow: 

• miniaturising the overall component size 

• minimising and control of the leaky paths Oim size) 

• batch fabrication . ««.Q<;iire sensor e.g.) on the same 

• integration of flow path, actuator and monitoring (flow or prepare sensor e.g.; 
suSte and in the Lne fabrication sequence, thus reducing costs. 



Overall 

+ reduced device size 
^ reduced production cost 
+ high degree of controllability 
+ control of high flow and large pressures 
+ clogging insensitive _ 



. in single valve configuration: leak flow 
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X- Valve - A Miniaturised High Performance Valve 



This document overviews a novel valve concept developed at MST - S3/KTH 
(http://www.$3.kth.seAnstO. Hie concept allows ultra-miniaturised conq>onents for high-flow, high- 
pressure applications. 

Applications 

The device is a packaged silicon chip with the functionaU^ of an IP-converter (such as the PXA4S 
from Pondus Instruments) consists of a 3-pon configuration: 

• Port 1 : pressure feed ^suppfy 

• Port 2: controlled pressure PvtoAi 

• Port 3: vent 

Technical design 

The device uses a combination of two microvalve elements with thermal bimorph actuators. 



'-supply 
..5 



cxHitro! I i 



' vnsaek 




control dgnal 



Figure L Functional representation of a pressure control element (left) and its pressure characteristics 
(right). The dashed tine in the plot indicates the ideal behaviour, vuhile the solid line indicates the 
actual performance. 

A prototype of a single valve element was fabricated and tested (see figure 2). This element can be 
used as a stand-alone valve element if a high leak rate is allowed. 



Pressure (bar) 

Figure 2. Measured flovhpressure performance of a single valve element prototype. 

The leak rate of a single valve element determines the limitation to the relative dynamic work pressure 
range • was theoretically verified that for the measured leak rate of the microvalve prototype* 

the relative dynamic work pressure range of a complete IP converter > 93% for die complete 

pressure controller. 

Due to patent pending issues, we do not wish to reveal the technical construction of the device. 
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Device specification estimations 

The below specifications give a general indication of an estimated typical performance, but depend 
strongly on the acttial device dimensions. Fault margins on the below values may be larger than a 
factor 2. 

• Power consumption: (roughly linear to the power applied): a few lOOmW? -> Possibly 
powered directly via the control bus. 

• Switching time: <lQms? 

• Flow: several lAnin (vmfied) 

• Maximum pressure (limited mainly by packaging techniques): several bar! (v^ified) 

• Microcomponent (silicon chip) size: 0.7S*3'*'2 mm? 

These values are up to two magnitude oxders or more better in flow and pressure performance than 
existing pneumatic microcomponents. Silicon area consumption is a magnitude order lower» and power 
dissipation should be generally lovfet than comparable microvalves. 



Estimated Device Cost 

The silicon core of the device is batch fabricated with silicon technology (based on microelectronics 
fabrication technology) « : 



Micromachined 
part 


Cost - consumed silicon area (3*2mm?) * amount/type of 
process steps (limited in the new concept) 


CO.T/device 


Facki^ine 


hard to telU depends on the final design 


€"0.3 /device? 


Total: 




€ 1 /device? 



Note: There are no first-order limitations to the miniaturisation (cost). Packaging and mechanical 
stability issues mainly determine the feasible degree of miniaturisation. 



Why microfabrlcatlon? 

Micromachining techniques allow: 

• miniaturising the overall component size 

• minimising and control of the leaky paths Qxm size) 

• batch fabrication 

• integration of flow path, actuator and monitoring (flow or pressure sensor e.g.) on the same 
substrate and in the same fabrication sequence, tiuis reducing costs. 



Overall 


+ reduced device size 


- in single valve configuration: leak flow 


4- reduced production cost 


+ high degree of controllability 




+ control of high flow and large pressures 




+ clogging insensitive 





A MICROMACHINED KNIFE GATE VALVE FOR WLGB-VLOW PRESSURE REGULATION APPLICATIONS 



Wbuter van der Wijngaait, Anthony S» Ridgeway, Odran Stemme 
Microsystem Tedmology , Department of Signals* Sensors, and Systems, Royal Institute of Technology • 

SB- 10044 Stockholm, Sweden. 



ABSTRACT 

Cross-flow pressure regulating valve stroctnres 
are attractive for high-flow pressure control applications 
due to the decreased actuation force required and the 
reduced device footprint area. A knife gate valve was 
fabricated, controlling a flow of 13 Nl/min at a supply 
pressure of 1.5 bar. The valve was microfabricated using 
deep reactive ion etching (DRIB) and silicon fusion 
bonding. The use of micromachtned knife gate valves in 
pressure control systems enhances performance and cost 
savings can be realized. 

INTRODUCTION 

One area of industry that holds potential for the 
introduction of microsystems is pressure regulation and 
control. Pressure controllers (also £/P-converters or Z/P* 
converters where E stands for electrical, / for current and 
P for pressure), are basic elemrats in a vast number of 
Industrial applications. Thdr basic ftm^on is to convert 
an electrical control signal into a work pressure 
Rguie 1 shows a typical converter and its performance 
characteristics. The structure has three pneumatic ports: 
one supply port, indicated with index supply^ one work 
port, indicated with index work^ and one vent port, 
indicated with the indices veni or atm (this port^ is in most 
appUcations coupled to atmospheric pressure). 




work 




control tignal 



Figure I, Functional representation of a pressure 
control element (left) and its pressure characteristics 
(right). The dashed line in the plot indicates the ideal 
behavior, while the solid line indicates a typical actual 
performance. 

In the ideal case the valve would be able to 
control the work pressure over the entire range (AF^^j^) 
between the atmospheric pressure (P«i,a) and the high 
supply pressure (Pscppty). In an actual case the valve 
controls a smaller dynanuc range (APayo), which is the 
difference between a maximum pressure (Pnun)* slightly 



below the supply pressure, and a minimimi pressure 
(Pain)» slif^y above the atmoq>heric pressure. 

Pressure oontroUers would benefit from tiie cost 
advantages of microfabrication if performance can be 
maintained in terms of pressure and flow characteristics. 
Efforts have been made in the past to develop microvalves 
for pneumatic systems, however most cannot meet the 
demands of industrial use. Most previously reported 
microvalves are seat valves and utilize out-of-plane flow 
and actuation by means of a valve seat and boss [1-6]. 
The limited boss stroke-length severely limits their flow 
performance by the inherent restriction of the small flow 
ducts. Moreover, the static pneumatic force counteract 
the valve actuation. To obtain a large flow rate and a 
high-pressure control performance with such valves the 
device footprint area must be increased accordin^y. Hiis 
decreases the device count per batch and thus increases 
manufacturing costs. 

This paper introduces and proves a pressure 
control microvalve suitable for replacing large-scale 
valves. The novel device presented features an increased 
flow-pressure peiformance per device footprint area as 
compared to previously presented nucrovalves [1^*7]. 

THEORY AND DESICH^ 

A knife gate microvalve (Figure 2) has been 
developed which circumvents the above performance 
drawbacks. 




Figure2> The knffe gate vatfeprittdpie* 

The valve gate moves perpendicular to die flow 
and the static pneumatic force (hence the name cross-flow 
valve orX-Valve). The static pressure and valve actuation 
are not counteracting one another, thereby reducing the 
required actuator force and size. Moreov^, the X*Valve 
features in-plane gas flow and out*of-plane gate 



displacement. Unlike all previously reported microvalves 
the nozzle area is perpendicular to the wafer plane; 
therefore the footprint area consumed by the device is 
independent from its piessore and flow performance. The 
X-Valve thus allows control of lai^er flow and higher 
pressure with a more compact design. 

The X-Valve requires spacing between die gate 
and die nozzle to avoid firictton and dierefore leaks in the 
closed state. However, in pressure oontroUer applications 
this is of minor importance. Leakage influences the 
controller's static pneumatic energy loss and reduces the 
dynamic pressure range of the device 

AP^-'»-„-iU,<A#»^-P^^-P^ (Rguiel). 
For lower Mach numbers and for device dimensions of 
interest, fiictional losses in the leak gap are n^igible. 
This results from the low rado ci ihe gate-nozzle S]^ng 
<g) over leak path length and the smoothness of the 
(mlcromachined) surface of the leak pad) [8], If at bi^ 
Macb numbers fiictional losses do occur* they would 
further decrease the leakage. Bodi the main flow and leak 
flow can thus be modeled as isentropic flow in a sudden 
e3(pansion,in which the mass-flow 

wldi bdng the minimal cross-sectional area of die flow 
path and y the gas spedllc heat ratio [8J9]. The leak rate 
can then be quantifled as 

for w » ^th the nozzle height, w the nozzle 
width, and the indices leak and max referring to the 
Gonifitions and dim^isions at the gate-nozzle spacing and 
the maximum nozzle opening, respectively. 

For a pressure controller as illustrated in Hguie 1 
containing two identical control valves with leak mte i), 
and P„ can be calculated using the mass flow 
continui^ equation 

(3) '»«wiy"'^i«Fft + 

at zero work flow. Pmw* = PmtR If the vent pott is open and 
the supply port Is closed, in which case Aaj^ = 
n'^^ respiectively P^j^ = P^ if the vent port is closed 
and the supply port is open, in which case A^j^ = 
n'AejuKvsM^- ^aon und P^ec cuu thus be calculated as the 
respective solutions of the equations 





Graphically solving these equations for 1 bar (relative) 

supply pressure shows that for a leak rate r\ = 20%. P^ ^ 

0.9815 bar and s 0.0376 bar, resulting In a pressure 

AP^ 
range 

FABRICATION 

A non-optimized demonstrator structure, 
requiring minimum processing, was fabricated using 
silicon bulk micromachining and silicon fiaslon bonding 
and is shown in Rgure 3. 




Figure 3, Simplffied drawing of the demonstrator X- 
Vaivestntdw^e. 



Figure 4 shows the processing steps used to 
fabricate the structure. To start* a 200 jim thick double- 
side-polished silicon wafer is spin coated with resist and 
patterned. The finont-side of tiie device is DRIE etched to 
adep&of 130/im(Hgure4a). Next, thermal oxide 1 ftm 
thiclrls-'grown (Figure 4b). The resist Is then removed 
using oxygen plasma. Tlie backside is patterned and 
DRIE etched to a depth of 70 /<m deflning the 

maximum gate opening (Figure 4c^). The resist is again 
stripped using oxygen plasma and the oxide is removed 
using a buffered HP solution releasing a fallout structure 
(Hgure 4e). The 200 ;im machined wafer is silicon fusion 
bonded with a 500 ftm singie-side-poliahed wafer (Figure 
40* After drilling an inlet qjoiing, a fluid connector is 
attached as well as a piezoelectric bimorph actuator u^ng 
a two-part adhesive epoxy. Hie structure, supporting the 
knife gate during manufacturing, is now removed by 
breaking (Hgure 4g). Note that the use of fall-out 
structures and the opening of the fluid connector with a 
mechanical drill were chosen in this fabrication scheme to 



nunimize the exposed silicon area during the first DRIB 
step and thus optimize the etch quality. 



i u u n 

a.DRiB4ng. 

0 — IT 



nm — r 



Backside patterning. 

I ^ "l-JU 

d. Backside DKiE-ing. 



e.HF etching. 



□ 



/ SFB,JbUawed by an HF release eichUtg* 



g^Mmmting of the piezp acuator, tube connector and 
breaking 0/ the support arms » 

Figure 4. Simplified drawings^ illustraiion the 
processing steps for ihe fabrication qftke demanstraior 
X-Valve structure. 



EXPERIMENTAL RESULTS 

A demonstrator structure with dimensions g ^ 
lO/<m, = 70;im, and w » 2mm (Figure 2) was 
fabricated and tested. Note that the 10 gate-nozzle 
spacing did not hinder the movement of the gate. 

The demoostrator structure was tested by 
measuring the flow rate through the device at varying 
supply pressure and gate opening height. The inlet of the 
structure was supplied with pressures of 0.2> OJ, 1, and 
15 bar. At each of these iidet pressures the flow late was 
measured for different gate opening heights. Ftgnies 5 
and 6 show the flow measurements of the demonstrator 
structure as functions of the valve gate opening and 
suf^y {nessnre, respectively. 
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Figure 5. The measured valve flaw rate versus 
the gate operdng h at differeta supply pressures Pjq^ 
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Figure 6, The measured valve flow rate Q^gpg^ versus 
the supply pressure at different gate i^fenings h. 

During fabrication, some 10 fim sized silicon 
structures, used for improved fabricalioii chaiacteristics, 
detached and became fixed undor the knife gale, whicA in 
turn would not allow the valve to fully close. These 
structtues create a minimum gate opening of exactly 10 
l^m when the knife gate is closed and attribute to the 
according flow measuremCTt, shown in Figures 5 and 6. 
The zero gate opening flow, ije. the pure leak flow, was 
measured using an identical device widi a non-adjustable 
gftte, fabricated for the purpose of leak flow testing. In 
the other measurements, tibe gate opening height was 
adjusted by applying voltage to the piezoeSectric bimorph 
element The gate opening was detennined visually wiUi 
a microscope. The uncertainty in the gate opening 
measurements gives rise to the large errors, indicated with 
bars in Figure 5 for the flow measurement at 22 pm giBk%& 
opening. . . 

The leak flow through the valve at 03 bar was 
approximately 0.15 Nl/min, which is about 193% of the 
measured maximum flow. This valve performance makes 
the structure a viable candidate for pressure controller 
implications. Moreover, Ae pressnre-flow performance of 
the demonstrator valve, 13 Nl/min at IJS bar supply 
pressure, is a factor of two better than previously reported 
values for microvalves. 

COMPLETE MICROFABRICATED IP-CX3NVBRTER 



With the proven perfonnance of the X- Valve 
concept a complete miciofabricated IP-converter design is 
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A Micromachined Knife Gate Valve for High-Elow Pressure Regulation Applications 

Wouter van der Wi|npaart Anthony S. Ridgeway, Gdran Stemme 
Royal Institute of Technology, Department of Signals. Sensors and Systems - Microsystem Technology, 

Stockholm, Sweden 

This abstract presents a new cross-flow microvalve concept named X-Valve. for use in hidi-flow pressure 
controllers. A test structure was fabricated and successfully tes ted. The X-va lve concept features an increased 
flow-pressure performance per device footprint area as compared to prsviously presented microvalves [1,2]. 

Pressure controllers (also E/P^converters or l/P-converters), are basic elements in a vast number of 
industiial applications. Their basic function is to convert an electrical control signal into a pressure output PwoHt 
(see Figure 1). Most previously reported microvalves are seat valves, lliey are severely limited in their flow 
performance by the inherent restriction of microscale flow ducts and in their pressure control by the static 
pressure forces counteracting the valve actuation. 

We developed a knife gate microvalve (s ee Figure 2\ which circumvents the above performance 
drawbacks. The valve gate moves perpendicular to the flow and the static pneumatic force (hence the name 
crosS'floW'valve or X-Valve). The static pressure and valve actuation are therefore not counteracting one 
another, reducing the required actuator force and size. Moreover, the X-Valve features in*plane gas flow and 
out-of-plane gate displacement Unlike aU previouslv reported microvalves. the nozzle area is perpendicular to 
the wafer plane, and therefore the footprint area consumed bv the device is independent from its pressure and 
flow performance. The X-Valve thus allows control of larger flow and highe r pressure with a more compact 
design. 

The X-Valve requites spacing between the gate and the nozzle to avoid friction and therefore leaks in the 
closed state. However, in pressure controller applications this is of minor importance. Leakage influences the 
controller's static pneumatic energy loss, and reduces the dynamic pressure range of the device 

(see Figure 1). It was theoretically verified that for lower Mach 
numbers and for device dimensions of interest, frictional losses in the leak gap are negligible. (High Mach 
number irictioiial losses further decrease leakage). Both the main flow and lesOc flo w can be mo deled as 

isentropic flow in a sudden expansion, in which die mass-flow /j^oc^^/^^^-^fiu j ^l^fpOL^ '~ with A„ 

being the nozzle cross-sectional area and y the gas specific heat ratio (3,4]. The leak rate can then be quantified 
as 7=-§*^ '^^^^ ^^h!^^ f witfi g being the gate-nozzle spacing, h the gate opening, and w the 

nozzle width. Further, it was dieoretically verified that for a leak rate Tl=20% tiie relative dynamic work pressure 
range > 93% for a pressure controller (see Figure 1). 

A demonstrator stmcdire fsee Figur e 3^ was fabricated using DRIE and silicon fusion bonding. The device 
dimensions measure ws=2mm, As70)xm and g^lOytm, and the device is actuated with a glued piezoelectric ~ 
bimorph. The device was successfijUv tested , and the flow«pressure and flow-gate opening performance are 
shown in Figures 4 and 5, Note that the cross-flow gate actuator means that die flow can be controlled gradually 
through the gate position /r. 

At a supply pressure P«*p^y=50kPa, the flow can be switched between Gfca4=146sccm and fi„«^750sccm 
(71=19.5%). This pressu re-flow p erformance is a factor of two better than previously reported values for 
microvalves. 

A novel compact microvalve design with large flow-pressure charactCTstics for pressure controller 
applications was successfully demonstrated. 
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control signal 

Figure 1. Functional representation of a pressure control 
element (left) and its pressure characteristics (right). The 
dashed line in the plot indicates the ideal behavior, while ihe 
solid line indicates the actual performance. 




Figure 3. Illustnuion of the demonstrator X*Valve structure. 
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Figure 4. The measured valve flow rate Qstg^ify versus the gate 
opening h at different supply presstues P^ 




Figure 2. Scbeniadc of a micio pressure controller with two X- 
Valves (not to scale). 
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Figure 5. The measured valve flow rate 
supply pressure Psu^fy at different gate openings 
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1. Thermal Oxide Giowih 

2. Lithography 

3. Aluminum sputtering and wet etching 

4. DiOE 



I Oxidize Wafers - 1 nm thickness 

a. Furnace B-7: @1 100 °C- 160 nunutes 

2. Remove Topside Oxide Using 

a AME (or Tape and Buffered HF) 

3. Sputter Aluminum -2 Jim Thickness on Topside 

4. Pattern Aluminum with Mask 3 

a. HMDS (Optional) 

b. OPTTTRAC - Coat 

c. JCARLSUSS 

d. OFTITRAC- Develop 

e. Hard Bake 

5. Wet Etch Aluminum -W1215 

6. Remove Resist Mask 

to Withstand 2 Resist Mask Strips 

a. HMDS (Optional) 

b. OPTTTRAC -Coat 

c. KARL SUSS 

d. OPTFTRAC- Develop 

e. Hard Bake 

8. Pattern Bottomside Oxide with Mask 1. 

a. HMDS 

b. OPTTTRAC - Coat 

c. KARL SUSS 

d. OPTTTRAC -Develop 

e. Hard Bake 

9. Etch Oxide Mask 

a. AME 

10 Remove Bottomside Resist Mask 

a- TEGALorTEPLA 
1 1 . Pattern Bottomside with Mask 2 

a. HMDS 



OPTITRAC - Coat 

c. KARL SUSS 

d. OPTTTRAC- Develop 

e. Hard Bake 

12. DRIE Bottomside to a Depth of Approximately 200 ixm 

a, ICP 

13. Strip Bottomside Resist Mask 

a. TEGALorTEPLA 

14. DRIE Bottomside to Buried Oxide Layer (Approximately 200 |im) 

a. ICP 

15. Coat Bottomside with Thick Protective Resist 

a. Use Mamial Spinner and Tape 

b. Hard Bake 

16. Strip Topside Protective Resist 

a- TEGALorTEPLA 

17. Pattern Topside with Mask 4 

a. HMDS 

b. OPTTTRAC - Coat 

c. KARL SUSS 

d. OPTTTRAC -Develop 

e. Hard Bake 

18. DRIE Topside to Release Beams and Fall-Out Structures 

19. Remove All Resist (Resist Masks and Protective Resist Layers) 

a. TEGALorTEPLA 



proposed that combines two X-Valves ia a fully packaged 
and operable device. Figure 7 gives the details of the 
makeop of the micioniadilned core of flie device and its 
basic ftoctions. 
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Figure 7. Schematic cross-seciional and top view of a 
micro pressure controller with two X-Vatves (not to 
scale). 

The pneumatic connectors will be integrated in 
the sides of die chip padcage* Actuation for the valves is 
provided by cantilevered thermal bitnorphs. One X-Valve 
provides flow regulation at the supply port while a second 
X-Vaive provides flow regulation at the vent poiC, A third 
port is used for the woric flow (Q«oifc). Widi the supply 
port closed and vent port open, the work area is 
evacuated. With the supply fully open and the vent closed 
the maximum work pressure is generated. Hie two X- 
Valves can be actuated either tog^her or independently to 
achieve the work flow required. 

a>NCLUSK>NS AND FUTURE WORK 

We have presented a novel microvalve concept 
for pressure control applications. The design is the key 
element in a truly miniaturized micromachined high- 
performance pneumatic control element. A demonstrator 
structure was fabricated using DRIE and silicon fusion 
bonding. The demonstrator structure is actuated with a 
glued piezoelectric bimorph. The device was successfully 
tested and the flow-pressure and flow-gate opening 
performance were measured. The valve flow can be 
controlled gradually through the gate position. The 
pressure-flow performance of the demonstrator valve 
presented is a £Eu:tor of two better Chan previously reported 
values for microvalves. Future work focuses on the 
fabrication .of a complete micromachined pressure 
controller with integrated thermoelectric bimorph 
actuators. 
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